Abstract: Little is known about the effectiveness of mangroves in suppressing water level heights during landfall of tropical storms and hurricanes. Recent hurricane strikes along the Gulf Coast of the United States have impacted wetland integrity in some areas and hastened the need to understand how and to what degree coastal forested wetlands confer protection by reducing the height of peak water level. In recent years, U.S. Geological Survey Gulf Coast research projects in Florida have instrumented mangrove sites with continuous water level recorders. Our ad hoc network of water level recorders documented the rise, peak, and fall of water levels (6 0.5 hr) from two hurricane events in 2004 and 2005. Reduction of peak water level heights from relatively in-line gages associated with one storm surge event indicated that mangrove wetlands can reduce water level height by as much as 9.4 cm/km inland over intact, relatively unchannelized expanses. During the other event, reductions were slightly less for mangroves along a river corridor. Estimates of water level attenuation were within the range reported in the literature but erred on the conservative side. These synoptic data from single storm events indicate that intact mangroves may support a protective role in reducing maximum water level height associated with surge.
INTRODUCTION
Recent attention among wetland scientists has been directed toward understanding the impacts of hurricanes on coastal wetlands and other aquatic ecosystems (e.g., Conner et al. 1989 , Michener et al. 1997 , Cahoon 2006 , Steward et al. 2006 , Chatenoux and Peduzzi 2007 . Of all wetland ecosystems studied, mangroves occupy some of the most vulnerable landscape positions to hurricanes. Indeed, hurricanes can alter the structure and function of mangrove vegetation during and shortly after impact (Craighead and Gilbert 1962 , Stoddart 1963 , Lugo et al. 1983 , Roth 1992 , Smith et al 1994 , Doyle et al. 1995 , Cahoon et al. 2003 , Krauss et al. 2005 ), but these same ecosystems often recover structural integrity within decades (Ward et al. 2006) , in part, owing to a reduced susceptibility of smaller statured trees to wind throw, abundant below-ground nutrient stores, rapid availability of those nutrients and high efficiency of use after disturbance, redundancy of keystone species, and the rapid reestablishment of regeneration pools (Roth 1992 , Alongi 2008 . It is hypothesized that persistent structural integrity of mangroves protects coastlines from repetitive storm surge or strong wind events (Dahdouh-Guebas et al. 2005 , Danielsen et al. 2005 ; however, few data are available for making specific determinations.
The capacity for suppression of peak water levels during storms in wetlands depends, among other variables, on plant stem density, average root and stem diameter, topographic slope, local bathymetry, wave characteristics, tidal stage upon impact, direction of storm track, and specific meteorological characteristics of the storm (Alongi 2008) . Hence, blanket assessments of suppression applicable to all wetland types are very difficult to make (Resio and Westerink 2008 ). Documents that provide water level height suppression values typically target marsh and are in the form of fact sheets, white papers, and government reports (Table 1) , and the scientific basis for these reports is often uncertain. Published estimates range from 4.2 cm to 18.9 cm reduction in peak water levels for every linear km of wetland (HD 1965 , LDNR 1998 , COE 2002 , COE 2005 , COE 2006 .
A storm surge acts like a very high tide event that fosters a temporary increase in sea level above that expected from a normal high tide (Lowe et al. 2001) . Storm surges result from reduced atmospheric pressure and the action of strong winds (Wells 1997) , fed by a gently rising ocean floor and variable shoreline architecture (indented vs. open) , to produce an unpredictable but rapidly rising tide (House Document (HD) 1965, Resio and Westerink 2008) . Peak water level is only a component of surge, even though popular communication often links the two interchangeably.
Although peer reviewed accounts of peak water level suppression are rare, two primary sources of information exist. House Document (1965) provides an account of overland surge elevations from 7 storm events circa 1907 -1957 from Louisiana as far as 50 km inland during actual surge events revealed that coastal wetlands, including wooded ridges parallel to the coast, suppress peak wave height by approximately 6.9 cm/km inland. Additional scientific accounts of water level height suppression came from coastal Louisiana during the passage of Hurricane Andrew (1992) . Surge amplitude registered by in-stream tidal gages along the Houma Navigation Canal decreased from 2.8 m to 1.0 m over a distance of 37 km during one surge event (Swenson 1994) , while in-stream gages from another location registered a 1.3 m decrease in water level height over approximately 31 km (p. 55, LDNR 1998) . Water level height suppression was attributed to the influence of marsh, which made up a large percentage of the traversed habitat between the two tidal gage sets, with estimates of surge suppression varying conservatively from approximately 4.3 to 4.9 cm/km of marsh (Swenson 1994) .
Tide gage data may not accurately assess hurricane impacts because gages are often damaged by surge and wind events, not placed at appropriate locations relative to storm angle, located in-stream and not in-wetland, and without experimental controls. In this paper, we use observations based on measurements from a network of water level recorders in two different mangrove ecosystems that collected continuous water level data during hurricane events in 2004 and 2005.
STUDY SITES
Water level recorders were deployed in a mangrove-interior marsh community within Ten Thousand Islands National Wildlife Refuge (NWR) and in a riverine mangrove swamp along the Shark River (Everglades National Park) in southwestern Florida, USA ( Figure 1A ). All water level recorders were located on the immediate right side, eyewall edge of their respective storm, positions that are associated with severe winds, surge, and tornadic activity (Jordan et al. 1960 , Shea and Gray 1973 , Wakimoto and Black 1994 .
Mangrove-interior marsh sites in Ten Thousand Islands NWR represented a transition from mixed mangrove (Rhizophora mangle, Laguncularia racemosa, Avicennia germinans) to salt marsh (Spartina bakeri, Distichlis spicata, Batis maritima). Four In the riverine mangrove habitat, water level recorders were deployed within interior mangrove locations at distances ranging from 50 to 80 m from the river's edge at river-km 4.1, 9.9, and 18.2 ( Figure 1C ). These sites are part of the Florida Coastal Everglades Long-Term Ecological Research Network (see Chen and Twilley 1999) . Water level recorders were closely coupled to Shark River stage, but were located at distances inland designed to reflect the hydrological cycles specific to backswamp mangrove sites. The Shark River discharges water at 112 m Figure 1A ).
METHODS
Water level recorders were installed on sites in 2001 and 2002. Screened PVC pipes were slotted to allow for water movement, inserted into augured 1-1.5 m deep holes, and, when necessary, backfilled with gravel. A combination of sonic and pressure transducer type water level recorders were used (Infinities USA, Inc., Port Orange, FL, USA and Global Water, Inc., Gold River, CA, USA). Water levels were recorded hourly during hurricane events. Peak water levels were not analyzed relative to NAVD88 because of the very different conditions associated with tidal versus non-tidal hydrological characteristics of the two locations. For the mangrove-interior marsh sites in Ten Thousand Islands NWR, peak water level height was calculated as deviation from the antecedent water level condition, or from the 5-h mean prior to the initiation of storm-induced water level change. Peak water level was determined as height above normal high tide for the one site that was solely vegetated by mangroves (especially Rhizophora mangle) in Ten Thousand Islands NWR (2.3 km inland). For the riverine mangroves along the Shark River, peak water level height was determined as absolute height above ground level for each location. The slope representing the change in peak water level height with distance inland was determined for each series of recorders and storm using SigmaPlot Version 10.0 (Systat Inc., Point Richmond, CA, USA).
RESULTS AND DISCUSSION
Peak water level height decreased by an average of 4.2 to 9.4 cm per km inland as hurricanes pushed water through mangrove forests at both locations. These data generally agree with the range of peak water level suppression of 4.2 cm to 18.9 cm per km inland reported for other wetland types but err on the conservative side (Table 1) . Although increasing relief and complexity of the natural features may influence storm water level height (Resio and Westerink 2008) , these influences are difficult to discern.
Peak water level as registered by multiple recorders in Ten Thousand Islands NWR crested at 40 cm above ground level at the abrupt habitat transition from mangrove to marsh, and was attenuated by 16.3 cm relative to antecedent water levels as water passed through approximately 2.3 km of additional marsh from the marsh-mangrove transition to a location 5.5 km inland (Figure 2) . The mangrove community, on the other hand, reduced peak water level height from a maximum of 78.6 cm above ground level to a height of 40.0 cm over a distance of 0.9 km. On average, the location of peak water levels traveled at 0.4 km/h (0.1 m/s). Local rainfall had a slight effect on our determination of antecedent water levels for marsh at 5.5 km inland, but the overall water level increase from surge at that location was only 13.3 cm (Figure 2) . As water from a storm moves inland, resistance from vegetation, changes in ground elevation, and large amounts of water already ponded within Ten Thousand Islands NWR (i.e., antecedent water depth of up to 42 cm) provided at least a component of the physical barrier to surge transgression.
Peak water level heights in the mangroves along the Shark River during Hurricane Wilma ranged from 103 cm at river-km 4.1 to 46 cm at riverkm 18.2 (Figure 3) . Peak water level might have been higher at river-km 9.9 than at riverkm 4.1 as river water backed up; however, the recorder did not register water levels greater than 104 cm at that location. A water level increase of approximately 126 cm was recorded in-stream near river-km 9.9 (Sonderqvist and Byrne 2007) . While peak water level resulting from the Hurricane Wilma surge was estimated as at least 5 m at some locations in Everglades National Park (Smith et al. 2009) , energy dissipation, debris movement, river discharge, and eddies must have influenced the overall characteristics of hydrological impact considerably.
What we do know, however, is that attenuation in peak water level was approximately 4.2 cm per km inland (ranged from 4.0-6.9 cm per km inland for individual point estimates) along the Shark River during Hurricane Wilma. Values were not truly instream as recorders were placed in soil at a distance away from the main river and were surrounded by mangroves. Peak water levels in the mangroves at river-km 18.2 occurred 10 hours after the peak height registered in the mangroves at river-km 4.1, a river distance of 14.1 km (Figure 3) . Without accounting for the actual trajectory of surge movement or the influence of local rainfall, the location of peak water level from Hurricane Wilma traveled at approximately 1.4 km/h up river (0.4 m/ s). It is unlikely that 5-10 cm of rainfall tremen- dously affected meter-deep water level height profiles in interior mangrove locales along the Shark River.
Peak water level height reduction from Hurricane Wilma was less for mangroves lining a river corridor (Figure 4) , perhaps owing to different storm characteristics or the greater ease of surge conveyance through the more open waters of river-associated mangroves. Vegetation can certainly alter stream flow (Novitski 1978) , and dense mangroves have even been shown to reduce normal wave heights by 20% over distances of only 100 m (Mazda et al. 1997a) . Wave reductions are strongly related to drag, which is a function of vegetation volume and area (Mazda et al. 1997b) . The mangroves of Ten Thousand Islands NWR are very dense between water level recorders at locations of 2.3 and 3.2 km from Faka Union Bay and are mostly Rhizophoradominated at that position in the estuary. Although normal wave activity and surge produce different hydrological impacts, past investigation suggests that energy from normal waves can dissipate by 50% when passing through 150 m of Rhizophoradominated forest (Brinkman et al. 1997) . Over short distances, however, mangroves gave way to open marsh and to similar reductions in water height during Hurricane Charley.
The different characteristics of the two storms confound overall comparisons. The velocity of peak water level movement through Ten Thousand Islands NWR was low (0.1 m/s) relative to the 0.4 m/s average along the Shark River. For comparison, surge velocity was recorded as 0.42-0.64 m/ s in an open back-barrier island tidal flat in Denmark after surge passed over an island during an anomalous storm event in the winter of 1999 (Bartholdy and Aagaard 2001) . Where wetlands are absent, energy dissipation can be replaced by erosion and reduced water level height suppression during landfalling storm events (Goodbred and Hine 1995) . While our observations indicate that water levels were reduced as storm surge moved through coastal mangrove ecosystems, uncertainty remains over the relative contribution of mangroves 
